Tilmicosin is a novel macrolide antibiotic developed for exclusive use in veterinary medicine. The first tilmicosin-containing product was approved to treat bovine respiratory disease associated with pasteurellae. The development of antimicrobial susceptibility testing guidelines for tilmicosin was predicated on the relationship of clinical efficacy studies that demonstrated a favorable therapeutic outcome, on pharmacokinetic data, and on in vitro test data, as recommended by the National Committee for Clinical Laboratory S tandards (NCCLS ). The NCCLS -approved breakpoints for the MIC dilution testing are resistant ‡ 3 2 g/ml, intermediate 1 6 g/ml, and susceptible £ 8 g/ml. The zone of inhibition interpretive criteria for disk diffusion testing with a 1 5-g disk are resistant £ 1 0 mm, intermediate 1 1 -1 3 mm, and susceptible ‡ 1 4 mm.
Tilmicosin (2 0-deoxo-2 0-(3 ,5-dimethylpiperidin-1 -y1 )desmycosin) is a semisynthetic macrolide antibiotic developed exclusively for use in livestock. 4,1 3,2 3 The spectrum of activity of tilmicosin is predominantly against Gram-positive bacteria, with activity against the Gram-negative bacteria limited to members of the HAP group (Haemophilus, Actinobacillus, and Pasteurella ) and mycoplasma. 23 The potential application of tilmicosin for the treatment of bovine pneumonia associated with pasteurellae was confirmed in 2 infection model studies. One experiment using a calf infection model with Mycoplasma bovis and Pasteurella haemolytica serotype 1 indicated that a single 2 0 mg/kg dose of tilmicosin was effective in decreasing clinical scores and pneumonic consolidation. 1 1 The second experiment was a natural infection model of calves with bovine respiratory disease (B RD) , where a single administration of 1 0 mg/kg of tilmicosin was effective in lowering mortality and temperature, improving clinical signs, and reducing bacterial recovery from the lungs. 24 A preliminary report on the pharmacokinetics of tilmicosin in calves suggested that the whole-lung homogenate concentration of tilmicosin exceeded the minimum inhibitory concentration (MIC) for Pasteurella haemolytica for 72 -96 hours posttreatment. A long-acting single subcutaneous administration therapy for treatment of B RD would be of value to the cattle industry by decreasing the number of injections needed for treatment, reducing handling and movement of sick animals, and avoiding the possibility of injection site lesions in edible tissue. Consequently, a series of worldwide clinical field studies demonstrated the beneficial therapeutic outcome with tilmicosin for the treatment of B RD. 6,1 0,1 4,1 5,1 7,1 8 31 The prudent use of tilmicosin a for the treatment of B RD is dependent on a collaborative relationship between the veterinary diagnostic laboratory, the attending veterinarian, and the producer. To assist the veterinarian, the laboratory must perform antimicrobial susceptibility testing properly and provide consistent interpretations of the results. Guidelines for the development of the interpretations of in vitro susceptibility test results for human pathogens have been described by the National Committee for Clinical Laboratory S tandards (NCCLS ), 20 although a separate subcommittee is now formulating specific veterinary guidelines. 1 9,33 The objective of the present study was to established MIC breakpoints and disk diffusion interpretive criteria for tilmicosin to enable the diagnostic laboratory to fulfill its role in the treatment process by providing meaningful information to the veterinary practitioner.
Materials and methods
Microorganisms. Clinical isolates (3 80) of Pasteurella haemolytica (n = 2 42 ) and P. multocida (n = 1 38) collected within the last 1 0 yr from various geographic regions in the United S tates (TX, ID, OH, MO, OK) comprised the population of organisms for evaluation. A minimum of 1 00-300 isolates is recommended by the NCCLS to develop the interpretive criteria for a single genus or species. No special attempts were made to select for specific antimicrobial resistance patterns or mechanisms. Although Haemophilus somnus (another bovine respiratory pathogen) has tilmicosin MIC 90 s less than or equal to those of the pasteurellae, 3 3 the test methodology is sufficiently different (because of the fastidious nature of its growth requirements) that data for that microorganism were not included in the development of these interpretive criteria. Appropriate reference strains for quality control were used throughout the testing: S taphylococcus aureus ATCC 2 92 1 3 (dilution tests), S . aureus ATCC 2 592 3 (disk diffusion tests), and P. haemolytica 1 2 8K (a Lilly Research Laboratories reference strain).
Antimicrobial susceptibility test methodology. The tilmieosin and erythromycin MICs were determined according to the procedures detailed by the NCCLS . 2 1 The broth microdilution technique was performed in custom made 96-well plates b using cation-adjusted Mueller-Hinton broth. c The agar dilution method employed 5% defibrinated sheep blood in Mueller-Hinton agar with antibiotic incorporated. Disk diffusion tests were conducted following the NCCLS recommendations. 2 2 Disks contained 1 5 g tilmicosin d and were placed on sheep blood agar (as above). Quality control guidelines for tilmicosin susceptibility testing have been described elsewhere; 27 however, the S . aureus ATCC 2 92 1 3 MIC guidelines have been modified by the NCCLS subcommittee to 1 -4 g/ml. For comparison of the agar dilution and microbroth dilution assays of bovine pasteurellae against tilmieosin, 2 02 of the most recent isolates were selected. pH effect. The effect of pH on the antibacterial activity of tilmicosin was examined by determining the MIC for 2 9 isolates of P. haemolytica and P. multocida in Mueller-Hinton medium with the pH adjusted to 6.0, 7.0, or 8.0 with NaOH or HCl. Each medium was used to determine the MIC of the isolates using microbroth dilution techniques.
Data analysis. The analysis of the scattergram data for determining the relationship between MICs and zone size was performed using formulae and guidelines previously described. 2,20,34 Results A scattergram to illustrate the relationship between MIC and zone size for a population of 3 80 P. haemolytica and P. multocida isolates of bovine origin was constructed (Fig. 1 ) . The isolates used in this study were best characterized as a randomly selected collection. MIC values were similar to those reported by others 1 2 , 32 Figure 1 shows a wide range of values, with a clustering of points near the center and scattered points away from the center. The uneven distribution of points over the range of concentrations tested was such that regression analysis was not possible, making error rate bounding the preferred statistic. 20, 34 The outcome of the error rate bounding calculations is provided in Table 1 for the interpretive criteria cutoffs. B ased on the total number of isolates tested, the P r a t e (population error rate) for very major errors (VME; those errors where an isolate is resistant by dilution testing but susceptible by disk testing, i.e., false-sus-ceptible disk test) was zero, for major errors (ME; those errors where an isolate is false resistant in the disk test) was zero, and for minor errors (those isolates classified as intermediate by 1 test but not the other) was 4.2 %.
The RC rate (risk corrected error rate) is based on only those isolates classified as resistant by the dilution method. Only 8 isolates were available for use in these calculations, rather than the 3 80 for the total population, and thus the RC rate statistic was not calculated.
The effect of pH on the tilmicosin MIC result was investigated because the activity of macrolides is known to be influenced by pH. An 8-1 6 fold increase in the MIC (i.e., from £ 0.5 to 4 or 8 g/ml) was observed as the pH decreased from 8.0 to 7.0, with no growth observed at pH 6.0 (data not shown) for the pasteurellae.
A comparison of the agar dilution method with the broth microdilution method was done to establish equivalency of results, as recommended by the NCCLS . 20 The MIC results are presented for each species of Pasteurella for frequency of occurrences at a given dilution end point (Table 2 ) . Results for all but 6 of the 2 02 isolates were within the range of 2 -8 g/ ml, with the majority at 2 or 4 g/ml. An MIC ratio calculation used previously 8 indicated that 87% of the paired isolate values (97% for P. multocida, 82 % for P. haemolytica) had a ratio of 0.5, 1 , or 2 indicating comparability, well within the accepted 1 dilution variation of test methodology.
Tilmicosin and erythromycin are both members of the macrolide class of antibiotics. As specified in the NCCLS guidelines, 20 comparative studies within an antibiotic class are necessary. Accordingly, the 3 80 Pasteurella isolates were also tested by broth microdilution against erythromycin, with the results compared with tilmicosin MICs in a scattergram (Fig. 2 ) . A regression analysis was not possible because of the clustered distribution of MIC values. Consequently, isolates were compared based upon the linear isolate pairing MIC ratio 8 of erythromycin : tilmicosin. Comparable MICs were observed for 98% of the isolates (excluding off scale or isolates with no end point). Figure 3 provides a comparison of the zones of erythromycin with those of tilmicosin. The observed trend was for the erythromycin zones to be 1 -4 mm larger than the corresponding tilmicosin zones.
Discussion
The development of breakpoints and zone interpretive criteria is based on 3 components: therapeutic outcome of treatment, pharmacokinetics, and in vitro susceptibility testing. 20 For veterinary applications, the NCCLS M2 3 -T2 can be used as a guide, but specific allowances for unique differences in livestock evaluations, as opposed to human patient populations, must be made. 1 9,33 The clinical evaluation was made of tilmicosin administered as a single 1 0 mg/kg subcutaneous treatment and compared to multiple intramuscular doses of other antibiotics to determine an effective therapeutic outcome. In a previous study, 31 calves with BRD that were treated once with tilmicosin had a significantly better response than those treated with ceftiofur as indicated by improved health, lower mortality, lower illness scores, and body temperature reduction. Eleven field studies in Canada evaluated tilmicosin and other antibiotics in feedlot B RD treatment. 1 7 A single dose of 1 0 mg/kg of tilmicosin was more effective than ceftiofur, oxytetracycline, or trimethoprim/sulfadoxine in reducing 1 ) mortality due to fibrinous pneumonia, 2 ) number of treatment days, and 3 ) re-pulls. A series of 8 field trials with naturally occurring B RD, conducted in the United S tates and Canada, demon-strated a significant reduction in mortality, temperatures, and clinical signs of disease and improved weight gains subsequent to tilmicosin treatment relative to placebo-treated controls. 1 0 Tilmicosin given on arrival at feedlots delayed the mean time to initial pneumonia treatment, allowed more weight gain, and significantly decreased mortality and morbidity attributable to BRD. 7, 1 8 Isolates recovered from the lungs of dead animals did not exhibit resistance to tilmicosin. Clinical studies conducted outside of North America have shown similar favorable therapeutic outcomes. In tilmicosin trials in Europe, a dose of 1 0 mg/kg significantly reduced mortality and clinical illness in treated animals. 1 4 In a Hungarian study, a single administration of tilmicosin at 1 0 mg/kg was more effective against calf pneumonia than were other conventional therapies in decreasing mortality, reducing clinical signs, and restoring appetite in nearly 2 00 treated animals. 6 A successful treatment with 1 0 mg/kg of tilmicosin of a natural outbreak of pneumonia in calves in B ritain has also been described. 1 5 Together, these studies demonstrate that a single subcutaneous dose of 1 0 mg/kg tilmicosin a results in a beneficial therapeutic outcome in the treatment of B RD, thus establishing the first part of the necessary foundation for interpretive criteria development.
The pharmacokinetics of tilmicosin in cattle have been studied using the single 1 0 mg/kg subcutaneous dose found to be efficacious in therapy. Data on tilmicosin in healthy cattle 30 showed that the serum tilmicosin concentrations never exceeded a mean level of 0.3 5 g/ml, whereas the mean lung tilmicosin concentration peaked at 7.1 7 g/g by 2 4 hours postadministration. S erum binding of tilmicosin is not substantial. 23 A more recent report measured the tilmieosin content of lung tissue obtained at various times posttreatment from calves with acute clinical pneumonia. 29 Mean lung homogenate tilmicosin concentrations increased to 9.3 0 g/g by 8 hours in normal lung tissue from steers with acute pneumonia, peaking at 9.78 g/g by 2 4 hours. A second study compared the tilmicosin content in different areas of the lung from the same anima1 28 (these animals also had severe clinical pneumonia). The nonconsolidated lung mean tilmicosin content reached 1 7.87 g/g by 8 hours posttreatment, whereas the consolidated portion of the lung tissue had a mean tilmicosin content of 9.50 g/g. Thus, tilmicosin appears to accumulate in normal lung tissue and is able to penetrate even consolidated tissue to high, effective levels. Alveolar macrophages, which are the resident phagocytic cells in the lung, accumulated tilmicosin to an extraordinary level (651 g/ml by 2 4 hours when incubated in medium containing 1 0 g/ml tilmicosin). This exceedingly concentrated amount of antibiotic could augment the ability of the phagocyte to destroy ingested bacteria within the phagolysosome. S everal human-use antibiotics indicated for treatment of respiratory infections have received FDA approval in part because of the high intraphagocytic cell concentration of the drug. 3 Intracellular transport of tilmicosin by leukocytes to specific infection sites within lung tissue and subsequent extracellular delivery by efflux mechanisms may be similar to that proposed for azithromycin. 9 Thus, the local concentration of tilmicosin at the site of the bacterial infection could well exceed the concentrations measured in lung tissue homogenates. The data available on the pharmacokinetics of tilmicosin in the bovine lung provide the second part of the information needed to establish interpretive criteria.
The third component for the proposed guidelines is antimicrobial susceptibility testing . The initial approach to scattergram evaluation is to use a population of isolates, regardless of the specific site of bodily origin, as described in the NCCLS M2 3 -T2 . 20 Thus, the population of isolates obtained for this study was comprised of clinical laboratory submissions from cattle with B RD (nasal and lung specimens). Comparison of the proposed breakpoints using pathogens isolated from animals in clinical trials would validate the test criteria and can be done at a later time, owing to the intricacies of such studies. For example, an evaluation of an appropriate isolate from a specific individual animal is not always practical in the clinical evaluation of B RD 33 mainly because of the difficulties in sample acquisition (e.g., performing a transtracheal washout in a calf in a feedlot situation). Even though nasopharyngeal cultures do not accurately predict the results of a bronchoalveolar culture 1 and one cannot be certain that the etiologic agent recovered from a nasal swab is in fact the same agent responsible for the pneumonia, these types of specimens are routinely collected pretreatment. Furthermore, in vitro antibiotic susceptibility testing (by disk diffusion) of P. haemolytica isolated from pretreatment nasal swabs was not a useful predictor of treatment success of the antibiotic. 1 6 While this limited usefulness was attributed in part to the lack of interpretive criteria available for the veterinary application of the antibiotic, it may also indicate the differences in isolate origin. 1 Obtaining lung samples from treated animals is also impractical and may not be truly representative of the clinical situation. Animals that recover can only be sampled by nasal swabs, whereas animals that die have theoretically already been exposed to the antibiotic, making a susceptibility test biased.
Integrating the available data on therapeutic outcome, pharmacokinetics, and antimicrobial susceptibility testing provided a rational basis for the MIC breakpoints and zone interpretive criteria. A single subcutaneous dose of 1 0 mg/kg of tilmicosin resulted in an acceptable therapeutic outcome. The pharmacokinetic data for that dose demonstrated a peak wholelung homogenate mean tilmicosin concentration of 7.1 7 g/g at 2 4 hours in healthy calves and 9.50 g/g in consolidated lung tissue taken from calves with acute pneumonia. The MIC frequency results (Fig. 1 ) showed that 94% of the P. haemolytica and P. multocida isolates had end points £ 8 g/ml and therefore would be predicted to be fully susceptible to tilmicosin in vivo because the amount of tilmicosin available in either normal or consolidated lung tissue was near to or exceeded the MIC. Thus, isolates with MIC £ 8 g/ml can be considered susceptible to tilmicosin. A value of 1 6 g/ml as an intermediate classification is a conservative characterization. B y definition, intermediate isolates can be considered to respond to therapy if the antibiotic is known to concentrate in a target tissue. 21 The 1 6 g/ml level is above the amount of tilmicosin achievable in normal, healthy lung tissue, below the 1 7.87 g/g peak level in nonconsolidated lung tissue and included tilmicosin. 32 The 4-year overall MIC 90 s and alveolar macrophages, but just over the peak confor P. haemolytica, P. multocida, and Haemophilus centration observed for consolidated lung tissue. S ubsomnus were 8, 8, and 4 g/ml, respectively. Although MIC levels of tilmicosin have been shown to exert a mention is made of the original breakpoint scheme for postantibiotic effect on the pasteurellae, which could tilmicosin, the authors proposed their own breakpoints result in a weakened population of bacteria that are for tilmicosin to classify isolates as either susceptible more readily eliminated by host defenses. 5 Because the (MIC £ 4 g/ml) or resistant (MIC ‡ 8 g/ml), with pH of pleural fluid is generally around 7.0 or is slightly no provision made for an intermediate category. Howlower in a disease state (G. Brumbaugh, personal com-ever, in view of the breakpoints in this report (Fig. 1 ) , munication), the MIC values generated in vitro should isolates with an MIC of 1 6 g/ml (intermediate) should be representative of the in vivo pH environment. A be considered as likely to respond to therapy; and inlower pH tends to abrogate activity. Thus, isolates ob-eluded with isolates with an MIC £ 8 g/ml (susceptained from an animal with B RD and classified as tible) in any evaluation of overall susceptibility. Only intermediate should still be expected to respond to those isolates with an MIC ‡ 3 2 g/ml should be contherapy because of the potential for the tissue and al-sidered resistant and refractory to therapy. Conseveolar macrophage concentrations of tilmicosin to ex-quently, interpretations of the percentage of tilmicosinteed 1 6 g/ml at local sites of infection. Thus, true susceptible isolates 32 underestimated the number of resistance assessments should only be based on those isolates that could have been considered capable of isolates with an MIC ‡ 3 2 g/ml because those isolates responding to tilmicosin treatment. Those MIC 90 s, in the intermediate category are predicted to be re-interpreted in the light of the approved breakpoints, sponsive to therapy in most cases. Isolates with an MIC indicate that ‡ 90% of the BRD isolates would be re- ‡ 32 g/ml are considered resistant because whole-lung sponsive to tilmicosin therapy, and only a small perhomogenate concentrations of tilmicosin are not reli-centage (£ 1 0%) are truly resistant. The data further ably achieved using the currently approved dosage and indicate that this is the case for all 4 years of the survey thus the animal would not be expected to respond to (i.e., tilmicosin MIC 90 s were £ 8 g/ml) for each of the therapy. 3 B RD organisms, with the exception of an MIC 90 of Corresponding zone interpretive criteria for disk dif-1 6 g/ml for P. multocida isolates in 1 990-1 991 . B efusion testing was developed in association with the cause tilmicosin was not approved in the US A for use MIC tests. Preliminary data (not shown) indicated that in cattle until March 1 992 , none of the US isolates a 1 5-g disk was acceptable. The ideal minimum rec-collected and tested in this survey year could ever have ommended zone size for susceptibility is 1 5-2 5 mm. 20 been exposed to the antibiotic. A comparison of til-However, the natural population distribution did not micosin MICs for US and Canadian isolates was conallow compliance with this concept; zones of inhibition ducted and interpreted 32 as suggesting that a larger ‡ 1 4 mm were considered susceptible when matched proportion of Canadian isolates than US isolates was against the respective MIC values. The zone size and susceptible to tilmicosin. Again, the interpretation of breakpoint cutoffs should be adjusted using the error isolates with an MIC £ 4 g/ml (susceptible), to derive rate bounded calculations so that VME and ME are the percentage susceptible, underestimated the number minimized, while maintaining relevance to the pharof susceptible isolates. B ased on the MIC 90 data promacokinetic data. For the P rate VME were zero, which vided, 1 00% of the US B RD isolates would be remeets the ideal value of £ 1 5%, ME were zero com-sponsive to tilmicosin therapy (susceptible or interpared with an allowable £ 3 % rate, and the minor error mediate), with none truly resistant (i.e., MIC ‡ 3 2 g/ rate was 4.2 %. The paucity of resistant strains available ml), a situation similar to that of the Canadian isolates to calculate the RC rate made this value questionable in (i.e., all of the isolates were susceptible); thus, no major its utility; thus, it was not used. As noted in the NCCLS differences between the percentages of nonresistant iso-M2 3 -T2 , 20 greater error rates were likely to result from lates from the 2 countries were evident. the use of a restricted population of isolates in this A comparison of the broth microdilution and agar calculation. Thus, the use of the P rate is a better indidilution procedures showed that both methods gave cator of the likelihood of errors than the RC rate in this comparable results, i.e., within 1 dilution of each other instance. Overall, the use of the error rate bounded for the majority of the isolates tested. Additionally, the method (as opposed to regression analysis) to evaluate use of the broth microdilution-based S ensititre system the relationship between the disk diffusion method and has been evaluated against an agar dilution technique the broth dilution method demonstrated the acceptain a prior study and yielded comparable results. 25 Thus, bility of the criteria. an alternative method for conducting the in vitro test-A large survey of antimicrobial resistance trends for ing is available. isolates from cattle with B RD was recently completed S tudies comparing tilmicosin and erythromycin were performed. The MIC values of erythromycin and tilmicosin were very similar; however, breakpoint interpretive criteria for the 2 macrolides are vastly different. Erythromycin resistant breakpoints range from ‡ 8 g/ ml 21 to ‡ 4 g/ml 26 to ‡ 2 g/ml 32 compared with ‡ 3 2 g/ml for tilmicosin. Erythromycin susceptible breakpoints range from £ 0.5 g/ml 21 to £ 1 .0 g/ml 32 compared with £ 8 g/ml for tilmicosin. Zone diameter interpretive criteria also are markedly different for the 2 macrolides, in spite of a similarity of zone inhibition diameters.
The breakpoint and zone interpretive criteria for tilmicosin were based on therapeutic outcome data, pharmacokinetic studies, and in vitro susceptibility testing. This information will allow the veterinary diagnostic laboratory to provide information on susceptibility tests to veterinarians and improve the rational use of tilmicosin in the treatment of B RD.
